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Abstract
The Oxygen Reduction Reaction (ORR) taking place at the cathode of a fuel cell is catalyzed by
Platinum due to its high activity and good stability in the acidic polymer electrolyte membrane
fuel cell (PEMFC) environment. Due to its prohibitive cost and limited reserves, it is not practical
to use Pt as the catalyst for mass commercialization.
By taking inspiration from nature, we have devised a series of catalysts which will help in
replacing Platinum at the cathode in commercial fuel cells. To gauge the activity of various
ligands, metal salts and carbon surfaces, adsorbed experiments were carried out and these
samples were tested for ORR activity. In order to improve the stability of these catalysts,
covalent binding of 3,5-diamino-1,2,4-triazole to the carbon surface was successfully attempted.
Copper (II) salts and Cobalt (III) salts were used as metal chelates to generate the M-N centers
which are known to be catalytically active. Pyrolysis of the Cobalt (III) complexes was performed
to enhance the catalytic activity. Triazolo-hemiphthalocyanines were synthesized on the carbon
surface and complexed with different metal chelates, pyrolyzed and tested for activity after
pyrolysis. The triazole-hemiphthalocyanines had an onset potential of 0.84 V, which is very
close to the commercial Pt/C electrode (0.9 V).
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1. INTRODUCTION
With the world facing an inevitable energy crisis in the near future, the need for alternate
sources of energy has become much more pronounced than before. Current popular energy
sources like petroleum and other oil derivatives as well as natural gas, coal etc. are non
renewable. It is a well known fact that eight countries have 81% of all world crude oil reserves,
six countries have 70% of all natural gas reserves and eight countries have 89% of all coal
reserves. Additionally, the world population keeps increasing at 1.2–2% per year, so that it is
expected to double by the middle of the 21st century. Consequently, economic development will
almost certainly continue to grow and thereby, global demand for energy services is expected to
increase by as much as an order of magnitude by 2050. The primary energy demands are
expected to increase by 1.5–3 times1. In addition, the pollution caused by these sources has led
to a number of problems, like global warming and the depletion of the ozone layer among
others2.
In order to address this growing concern, a number of alternate energy sources including solar
power, tidal power and energy from the wind are being developed as viable alternatives.
However, these are not technologically developed enough to successfully replace the
conventional energy sources. Fuel cells, on the other hand, have quickly become a popular
source of promising alternative energy with high efficiency. Other key advantages of fuel cells
include reliability, low operating cost, clean emissions, fuel diversity and reusability of exhaust
heat1.
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2. ORR CATALYSIS
2.1.

Basics of a fuel cell

A fuel cell can be described as a device which enables the conversion of the chemical energy of
a fuel to electrical energy via electrochemical reactions. These primarily consist of two
electrodes, a cathode and an anode which are separated by an electrolyte. An oxidation
reaction occurs at the anode while a reduction reaction takes place at the cathode. The ions
generated in these reactions are transferred from one electrode to the other through the
ionically conductive but electronically insulating electrolyte. The electrons generated at the
anode travel through the external electric circuit to the cathode, and are responsible for
generating power from the fuel cell3.
Fuel cells are generally classified on the basis of the electrolyte used in the cell. Some of the
different types of fuel cells are polymer electrolyte membrane fuel cells (PEMFCs), molten
carbonate fuel cells (MCFCs), direct methanol fuel cells (DMFCs) etc.3 Schematic
representation of a polymer electrolyte fuel cell is shown below in figure 14.
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Figure 1 – Polymer electrolyte membrane fuel cell (PEMFC)
For the past 20 years, the primary applications of fuel cells have been replacing internal
combustion engines and providing power in stationary and portable power applications.
PEMFCs are regarded as potential environmentally friendly alternatives for the fuel used in
modern day vehicles5. Apart from this, fuel cells are being used in forklifts, vending machines,
traffic signals etc4. Fuel cells are also being developed for portable electronic devices like
mobile phones and laptops6.
The polymer electrolyte membrane (also called proton exchange membrane) fuel cell (PEMFC)
uses hydrogen gas, as the fuel at the anode, and oxygen gas as the oxidant, at the cathode.
The development of technology to commercialize the hydrogen-oxygen fuel cell is of particular
importance, with a view to developing a hydrogen-based economy.
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2.1.1. Reactions in a hydrogen-oxygen fuel cell

At the anode:

H2



2H+ + 2e-

At the cathode:

O2 + 4H+ + 4e-



H2O

At the anode, hydrogen molecules come into contact with the platinum catalyst on the electrode
surface. The hydrogen molecules break apart, bonding to the platinum surface forming weak HPt bonds. As the hydrogen molecule is now broken, the oxidation reaction can proceed. Each
hydrogen atom releases its electron, which travels around the external circuit to the cathode and
this flow of electrons is the electric current. The remaining proton travels through the membrane
to the cathode, leaving the platinum catalyst site free for the next hydrogen molecule.
At the cathode, oxygen molecules come into contact with the platinum catalyst on the electrode
surface. The oxygen molecules break apart, bonding to the platinum surface and forming weak
O-Pt bonds, enabling the reduction reaction to proceed. Each oxygen atom then leaves the
platinum catalyst site, combining with two electrons (which have travelled through the external
circuit) and two protons (which have travelled through the membrane) to form one molecule of
water. The platinum catalyst on the cathode is then free for the next oxygen molecule to arrive.
When an electrical load is attached across the anode and the cathode of the fuel cell, a redox
reaction occurs. The working voltage produced by one cell in this process is between 0.5 and
0.8 volts, depending on the load. To create practical working voltages, individual fuel cells are
stacked together in series to form a fuel cell stack7.
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There is a possibility of two reactions occurring at the cathode. One is the four electron process,
which gives water, while the two electron process gives hydrogen peroxide, as shown below.
Water is the desired product in this reaction, as hydrogen peroxide is detrimental for the
membrane as well as the catalyst at the cathode8.

O2 + 4H+ + 4eO2 + 4H+ + 2e-

2.2.



H2O



H2O2

Need of alternatives

Ideally, platinum should be replaced at both fuel cell electrodes; however, its substitution at the
cathode would have comparatively greater impact, because the slow oxygen reduction reaction
(ORR) at this electrode requires much more Pt than the faster hydrogen oxidation at the anode9.
The only commercially viable catalyst for the ORR in today’s fuel cells is platinum10. Having a
platinum-based catalyst in a fuel cell has multiple problems. Apart from the issue of the high
cost of catalyst, PEMFCs suffer from insufficient performance durability, arising mainly from
cathode catalyst oxidation, catalyst migration and loss of electrode active surface area. If all the
fuel cells are catalyzed by platinum, there will be an acute scarcity of the precious metal in the
coming years11. These catalysts are also required to have a certain tolerance towards the
presence of poisonous species, like carbon monoxide3.
Because of the multitude of reasons stated above, and taking into consideration the acute need
of renewable energy sources in the near future, it is utmost necessary to develop catalysts
which can 1. Match the activity of platinum, 2. Be cost effective and clean, and 3. Be
commercially viable in the near future.
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2.3.

Remedies/Solutions

A lot of research has already been carried out with a view to replace platinum completely as the
catalyst at the cathode for ORR, but with little to moderate success. There have been 3 primary
approaches taken to remedy this problem:
1. Metal composites – Using other non precious metals with platinum. This includes using
Pt monolayered materials12, 13 or Pt alloys with other non precious metals14, 15. Another
strategy to improve the performance of Pt catalysts in fuel cells is to increase the
effective surface area of the catalyst. Increasing the surface area is known to improve
catalytically activity substantially16.
2. Bio inspired materials – Enzymes like Cytochrome c oxidases (CcOs), and multicopper
oxidases (MCOs) are known to catalyze the four-electron reduction of oxygen to water.
Due to their ability to catalyze this oxygen reduction reaction, they are being actively
investigated as possible catalysts for the ORR at the cathode of a commercial fuel cell17.
3. Surface supported/non supported organic-metal chelates – Jasinski first reported
the catalytic activity of Metal-Nitrogen (M-N4) type of chelates for the catalysis of ORR18.
Following this discovery, there have been multiple attempts to use tetraphenlyporphyrins
(TPP) and phthalocyanine (Pc) based macrocycles, complexed with transition metals
like cobalt and iron to catalyze the ORR reactions. These metal chelates are generally
supported on high surface area carbon, and pyrolyzed in order to improve their
performance as catalysts in the ORR11, 19.
Despite these efforts, attaining the activity of platinum, with a 4-electron process and achieving
durability which will suffice commercial purposes has not yet been attained. There are a lot of
factors at play, and developing the chemistry and technology to control all of them at the same
time to give a perfect catalyst is still ongoing.

6

2.4.

Approach

In order to develop a commercially viable catalyst for ORR, our research took inspiration from
nature, prior literature and previous work done in our group.
Multiple examples of oxidation reactions catalyzed by naturally occurring metalloenzymes are
known. These natural processes operate under very mild conditions, especially when compared
to the analogous industrial processes. Metalloenzymes often act in ways that are difficult to
comprehend and reproduce using traditional synthetic chemistry. Figure 2 below shows
metalloenzyme active sites in Laccase as well as Cytochrome c oxidase (CcO)20. CcOs exhibit
a bimetallic active site consisting of an iron porphyrin heme and a tris-histidine-coordinated
copper, which have imidazole-based complexes. The active sites of MCO enzymes comprise at
least one mono-nuclear site containing one type-1 (T1) Cu(I) or blue copper, a trinuclear site
containing one type-2 (T2) Cu(I) or normal copper, and two type-3 (T3) Cu(I) or coupled
binuclear copper21. Both Laccase and Cytochrome c oxidase show good activity towards the
four electron reduction of oxygen to water17, 22. While the mechanism of this oxidation reaction is
still unclear, knowing the metalloenzyme structure and function has allowed researchers to
design synthetic catalysts to mimic these metalloenzymes. This ‘biomimetic’ approach allows for
careful design of the catalyst to achieve desired activity, selectivity and scale of the reaction.

Figure 2 - Metalloenzyme active sites
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We chose 1,2,4-triazoles as a model for imidazole-containing complexes because 1,2,4triazoles are structurally similar to imidazole but allow for an additional nitrogen containing
coordination site. Syntheses of 1,2,4-triazoles requires few steps and are readily amenable to
structure-activity relationships through control of ligand topology and electronics. Copper
complexes of 1,2,4-triazoles have been shown to adopt myriad structures including di-, tri-, or
polynuclear metal centers, motifs that are present in multicopper oxidases21. Transition metal
complexes of 1,2,4-triazoles adopt various geometries depending on the choice of the metal,
thus altering their catalytic properties.
1,2,4-triazole and its derivatives were first described by Bladin in 188523. Considerable interest
in their function as ligands has been generated because of their presence in many fungicidal,
herbicidal and pharmaceutical compounds. Their activity is enhanced if the triazole exists as a
salt or a metallic complex24. Because of the position of the donor atoms in the five-membered
ring, the triazoles appear to possess the possibility of linking metal ions together. The triazole
ligands thereby constitute a bridge between the metal ions. This bridge can be of several
different geometries, depending on the donor atoms of the ligand and the properties of the
metal. This phenomenon is particularly important since pairs or frameworks of metal ions
mediate reactions in a different manner than the complexes of isolated metal centers.
Furthermore, while there are many examples of 1,2,4-triazole-metal complexes, their catalytic
activity had yet to be explored25.
Additionally, previous work in our group identified metal complexes of 1,2,4-triazoles as active
catalysts for oxidation reactions26. ORR catalysis was a natural extension of the already
available information regarding the excellent activity of 1,2,4-triazole metal complexes as
oxidation catalysts.
Metal complexes of various heterocyclic ligands have been explored as catalysts for ORR.
Jasinski18 first reported in 1964 the utility of phthalocyanines complexed with metals as useful
8

catalysts in fuel cells. This chemistry has been further developed and it has been found after
experimentation that the key system in the performance of these catalysts in ORR is the M-N4
chelate framework. It was discovered by Gupta et al.27 that similar results could be obtained
from annealed polyacrylonitrile (PAN) complexed with Co(II) or Fe(II) on high area carbon,
indicating that a macrocycle structure was not absolutely necessary. Unsupported and carbonsupported macrocycles with various metals have been studied as catalysts for ORR. It has been
observed that like the PAN systems, the metal framework systems performed exceedingly
better after heat treatment2. The activity of the pyrolyzed systems was several orders in
magnitude better than the activity of the non-pyrolyzed systems. Best pyrolysis temperatures
differ from system to system.
To accomplish successful catalyst development and synthesis, we have to pay special attention
to the chemical composition, surface area, stability and mechanical properties of the catalyst
support. The advantage of spreading the active phase on a support is to disperse it throughout
the pore system, thus making it possible to obtain a large active surface per unit weight used.
Other advantages of using carbon black as the support are its resistance to acidic and basic
media as well as its thermal stability and excellent economic viability28. Platinum catalysts,
which are traditionally used at the cathode in ORR, are supported by carbon blacks, and are
shown in figure 329.
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Figure 3 - Carbon supported Pt catalyst
Carbon black is a material produced by the incomplete combustion of heavy petroleum products
such as tar, ethylene cracking tar, and a small amount from vegetable oil30. All carbon blacks
have chemisorbed oxygen complexes (i.e., carboxylic, quinonic, lactonic, phenolic groups and
others) on their surfaces to varying degrees depending on the conditions of manufacture31, 32.
The rest of the carbon black is made up of polycondensed aromatic rings. Functionalizing the
surface of carbon black is a very challenging task due to the diverse nature of the functional
groups present on the surface. Two kinds of problems are inherent to functionalization of carbon
black surfaces. First is the lack of selectivity in the chemical transformations due to the
presence of various functional groups that have similar reactivities but result in different product
formations. The second problem is linked to the first one; the lack of selectivity directly results in
lower efficacy of the intended chemical process. Figure 4 shows the type of functional groups
that populate the carbon black surfaces.
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Figure 4 - Functional groups on the surface of carbon black
2.4.1. RDE and RRDE experiments
The Rotating disk electrode (RDE) and Rotating ring disk electrode (RRDE) experiments were
carried out to determine the ORR activity and electron transfer mechanism of these catalysts.
To simulate the acidic environment of a PEMFC the samples were tested using 0.5 M sulfuric
acid (H2SO4) electrolyte. A gold (Au) wire was used as the counter electrode, and Hg/Hg2SO4
reference electrode saturated with 0.5M H2SO4. The working electrode was the glassy carbon
(GC) disk of either, a single piece RDE electrode AFE2M050GC or the RRDE with a Pt ring
electrode AFE7R9GCPT from Pine Instruments. The potential of the reference electrode vs.
RHE was measured experimentally saturating the electrolyte with hydrogen for at least 30
minutes and measuring the open circuit potential using the Pt ring on the RRDE electrode as
the working electrode, and it was determined to be 0.696 V vs. RHE. All the potentials reported
are corrected to this value. The disk and ring working electrodes potentials were controlled
using a two-channel VSP potentiostat from Bio-Logic Science Instruments. The rotation speed
of the working electrode was controlled with an AFMSRCE Pine Modulated Speed Rotator
(MSR). Inks were prepared using 5wt% Nafion® solution (Sigma-Aldrich) in a 40/60 ionomer to
catalyst ratio, with methanol as the solvent. The GC disk is polished with 0.05 μm size alumina
powder. Approximately 15 μL of the sample is pipetted onto the GC electrode and the
equivalent weight is determined by indirectly measuring the weight of the same volume of ink.
11

For these experiments, we used catalyst loadings of 600 μg/cm2. The electrolyte is initially
saturated with ultrahigh purity nitrogen gas for at least 30 minutes and cyclic voltammograms
are collected with the electrode static and rotating at 1600 rpm. The experiment is repeated with
the electrolyte saturated in ultrahigh purity oxygen. Polarization curves are background
corrected by subtracting the curves obtained under nitrogen. All experiments were done at room
temperature.

2.4.2. First generation catalysts
A lot of research has been carried out using carbon supports in the field of ORR catalysis. The
conventional way of making an ORR catalyst is to mix the chemical components together with
the carbon black and allow them to stir33, 34. These types of catalysts are based on the principle
of physisorption, and interact with the surface of carbon by Van der Waal’s forces of attraction.
Our first generation catalysts were made in this way, and the exact details are described in the
experimental section.
For our first experiment of the first generation catalysts, we used different 1,2,4-triazole based
ligands to compare their metal binding capability and catalytic activity, which are shown below in
figure 5. Table 1 below shows the inductively coupled plasma optical emission spectroscopy
(ICP-OES) data for this experiment. ICP-OES is an analytical technique used for detection of
trace metals. The technique is based upon the spontaneous emission of excited photons from
atoms and ions which are detected by their characteristic wavelengths of electromagnetic
radiation. The data below shows the % retention, i.e. the amount of copper retained by the
carbon after complexation.
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Figure 5 - Different triazole based ligands used for ORR study
Table 1 - ICP-OES data for first generation catalyst with different ligands

Ligand used

% Retention of Cu

3-amino-1,2,4-triazole

61.22 %

3-amino, 5-methythio-1,2,4-triazole

58.79 %

3-amino, 5-carboxymethyl-1,2,4-triazole

46.21 %

3,5-diamino-1,2,4-triazole

91.22 %

The RDE plot is shown in figure 6 below.

Figure 6 - RDE data for first generation catalyst with different ligands
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From the ICP-OES data, 3,5-diamino-1,2,4-triazole showed the highest % retention of metal.
The rotating disk electrode (RDE) data above shows that the highest onset potential is for the
curve obtained from 3,5-diamino-1,2,4-triazole, and hence it is the best ligand in terms of metal
binding and catalytic activity.
Metal salts also play an important role in the performance of ORR catalysts. The difference is
believed to be due to the part played by the counter ion. We tested different copper salts to
check for their activity towards ORR catalysis. The results of this experiment are shown below in
figure 7.

Figure 7 - RDE data for first generation catalysts with 3,5-diamino-1,2,4-triazole and different
copper salts
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Upon testing for various available copper salts, copper nitrate, due to its superior solubility and
good activity, was chosen as the copper salt to be used for further experiments35.
It is known that the surface of carbon is highly heterogeneous and has a multitude of functional
groups present36. The characteristics of carbon blacks are strongly influenced by the presence
of heteroatoms37. Different carbons like Vulcan XC-72 and Super C-65 along with BP2K were
chosen to carry out further experiments in order to identify the best carbon surface for the first
generation catalysts. Each individual surface was pre treated with different oxidizing agents and
this sequence of reactions is detailed in table 2 below.
Table 2 - Conditions used for oxidation
CONDITIONS USED
1A

6 mL 5M HNO3, 6 mL 5M H2SO4, 25 °C

TIME
2h

1B

6 mL 5M HNO3, 6 mL 5M H2SO4, 80 °C

2h

2A

12 mL 0.5M Potassium Peroxysulfate (in 2M H2SO4), 25 °C

2h

2B

12 mL 0.5M Potassium Peroxysulfate (in 2M H2SO4), 80 °C

2h

3A

12 mL 0.5M Ammonium Peroxysulfate (in 2M H2SO4), 25 °C

2h

3B

12 mL 0.5M Ammonium Peroxysulfate (in 2M H2SO4), 80 °C

2h

4A

12 mL 1.5M Potassium Peroxysulfate (in 2M H2SO4), 25 °C

2h

4B

12 mL 1.5M Potassium Peroxysulfate (in 2M H2SO4), 80 °C

2h

5/5B

4.8 mL H2SO4, 2.474 mL 30% H2O2, 4.726 mL H2O, 25 °C

2h

5B

4.8 mL H2SO4, 2.474 mL 30% H2O2, 4.726 mL H2O, 80 °C

2h

6/6A

4.8 mL H2SO4, 4.984 mL 30% H2O2, 2.252 mL H2O, 25 °C

2h

6B

4.8 mL H2SO4, 4.984 mL 30% H2O2, 2.252 mL H2O, 80 °C

2h
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CONDITIONS USED

TIME

7A

500 mg KBr, 10 mL H2SO4, 5 mL HNO3, 80 °C

12 h

7B

500 mg KBr, 10 mL H2SO4, 5 mL HNO3, 80 °C

2h

But for entries 7A and 7B, 300 mg of the carbon support was used in the experiment. For 7A
and 7B, 500 mg carbon support was used.
Each of these carbons were complexed with copper (II) and 3,5-diamino-1,2,4-triazole. The
compounds were screened in RDE to analyze their performance in ORR catalysis. The data
below shows the metal binding capacity and catalytic activity for these carbons.
Table 3 shows the ICP-OES data for modified Black Pearls2000 (abbreviated as BP2K)
Table 3 - ICP-OES data for pre treated BP2K with 3,5-diamino-1,2,4-triazole and Cu(NO3)2

Carbon used

% Retention

BP2K - 1A

58.22

BP2K - 1B

68.16

BP2K - 2A

70.07

BP2K - 2B

62.37

BP2K - 3A

60.61

BP2K - 3B

62.51

BP2K - 4A

32.70

BP2K - 4B

30.15

BP2K - 5A

63.04

BP2K - 5B

64.98

BP2K - 6A

52.48

BP2K - 6B

68.46

From the above data, samples BP2K-2A retained the most copper.
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The RDE data for the BP2K carbons is shown in table 4.
Table 4 - RDE data for pre treated BP2K with 3,5-diamino-1,2,4-triazole and Cu(NO3)2

Sample Name

Onset Potential vs. RHE
(V)

E1/2 vs. RHE
(V)

Max Current Density (mA/cm2)

BP2K - 1A

0.461

0.273

3.610

BP2K - 1B

0.393

0.200

3.170

BP2K - 2A

0.392

0.223

4.010

BP2K - 2B

0.346

0.174

3.000

BP2K - 3A

0.420

0.235

4.860

BP2K - 3B

0.356

0.189

3.240

BP2K - 4A

0.333

0.111

2.830

BP2K - 4B

0.322

0.100

2.680

BP2K - 5A

0.417

0.223

2.840

BP2K - 5B

0.430

0.245

3.520

BP2K - 6A

0.443

0.245

3.520

BP2K - 6B

0.445

0.263

3.790

The best onset potential is displayed by the sample BP2K 1A.
The ICP-OES data for Vulcan XC-72 is shown in table 5.
Table 5 - ICP-OES data for pre treated Vulcan XC-72 with 3,5-diamino-1,2,4-triazole and
Cu(NO3)2

Carbon used

% Retention

Vulcan XC-72 - 1A

70.14

Vulcan XC-72 - 1B

63.01

Vulcan XC-72 - 2A

65.43

Vulcan XC-72 - 2B

70.03

Vulcan XC-72 - 3A

65.84

Vulcan XC-72 - 3B

65.13
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Carbon used

% Retention

Vulcan XC-72 - 4A

11.86

Vulcan XC-72 - 4B

8.632

Vulcan XC-72 – 5

74.25

Vulcan XC-72 – 6

64.91

Vulcan XC-72 - 7A

67.38

Vulcan XC-72 - 7B

62.78

From the above data, sample Vulcan XC-72 – 5 retains the maximum amount of copper.
The RDE data for Vulcan XC-72 is presented in table 6.
Table 6 - RDE data for pre treated Vulcan XC-72 with 3,5-diamino-1,2,4-triazole and Cu(NO3)2

Sample Name

Onset Potential vs.
RHE (V)

E1/2 vs. RHE (V)

Max Current Density
(mA/cm2)

Vulcan XC-72 - 1A

0.42

0.22

4.2

Vulcan XC-72 - 1B

0.43

0.22

4.2

Vulcan XC-72 - 2A

0.37

0.22

4.1

Vulcan XC-72 - 2B

0.37

0.19

3.8

Vulcan XC-72 - 3A

0.39

0.2

4.1

Vulcan XC-72 - 3B

0.36

0.2

4

Vulcan XC-72 - 4A

0.39

-0.05

2.6

Vulcan XC-72 - 4B

0.38

-0.1

2.5

Vulcan XC-72 - 5

0.46

0.19

3.8

Vulcan XC-72 - 6

0.45

0.2

3.9

Vulcan XC-72 - 7A

0.35

0.14

2.8

Vulcan XC-72 - 7B

0.39

0.17

3.1
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The best onset potential is for sample Vulcan XC-72 – 5. For oxidized Vulcan XC-72, the
sample with maximum copper content shows the maximum onset potential.
The ICP-OES data for Super C-65 is presented in table 7.
Table 7 - ICP-OES data for pre treated Super C-65 with 3,5-diamino-1,2,4-triazole and
Cu(NO3)2

Carbon used

% Retention

SC-65 - 1A

53.88

SC-65 - 1B

60.31

SC-65 - 2A

64.65

SC-65 - 2B

69.32

SC-65 - 3A

65.06

SC-65 - 3B

66.40

SC-65 - 4A

4.593

SC-65 - 4B

8.377

SC-65 – 5

44.26

SC-65 – 6

76.32

SC-65 - 7A

78.10

SC-65 - 7B

46.51

From the above data, the sample SC-65 – 7A retains the most amount of copper.
The RDE data for SC-65 is presented in table 8.
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Table 8 - RDE data for pre treated Super C-65 with 3,5-diamino-1,2,4-triazole and Cu(NO3)2

Sample Name

Onset Potential vs.
RHE (V)

E1/2 vs. RHE
(V)

Max Current Density
(mA/cm2)

SC-65 - 1A

0.3

0.1

2.7

SC-65 - 1B

0.33

0.14

3.1

SC-65 - 2A

0.34

0.15

3.2

SC-65 - 2B

0.34

0.15

3.8

SC-65 - 3A

0.34

0.16

3.5

SC-65 - 3B

0.34

0.13

3.6

SC-65 - 4A

0.18

-0.1

2.3

SC-65 - 4B

0.12

-0.18

1.5

SC-65 - 5

0.31

0.11

2.9

SC-65 - 6

0.31

0.1

2.9

SC-65 - 7A

0.35

0.19

3.2

SC-65 - 7B

0.35

0.2

3.8

The best onset potential was for sample SC-65 - 7A. Just like for Vulcan XC-72, the sample
which retained maximum amount of copper displayed maximum onset potential. We can
conclude two things from this data set. In case of SC-65 and Vulcan XC-72, the amount of
copper bound dictated the onset potential of the sample in ORR catalysis. The same oxidation
methods did not provide the same change in activity for all the carbon surfaces.
Although these catalysts did show decent activity towards ORR catalysis, a lot of work is
needed to be done on them for them to be able to be commercially viable, and eventually
replace platinum.
2.4.3. Second generation catalysts
We achieved moderate success in terms of activity for the first generation catalysts. But their
stability was poor, and hence they were not viable alternatives for use in a commercial fuel cell.
20

Covalent immobilization of organic ligands provided an answer to the stability problem. Although
chemical modification involves multiple synthetic transformations, the payoff in the form of highly
stable covalently functionalized carbon surfaces is worth the effort. Covalent attachment of
ligands also allows complexation of metals in a separate step using a broader range of
conditions as well as use of different metal salts. Preparation of complexes can be carried out
without dependence of solubility for deposition. Figure 8 below shows the difference between
the approaches used in synthesis of first and second generation catalysts.
The method undertaken for covalent attachment of ligands on the surface of carbon involved the
use of diazonium chemistry. Diazotization of the free amine group of the ligand followed by
coupling on the nucleophilic carbon surface enabled us to covalently attach our ligands to the
support. The process of attaching the ligand to the surface of carbon was adopted from the
method by Toupin and Belanger38. XPS (X-ray photoelectron spectroscopy) enabled us to
confirm that the ligands were covalently attached to the surface of carbon. This series of
catalysts are called the second generation catalysts.
The first step was to identify the ligand which would give the best performance. A similar
approach to the first generation catalysts was followed, where four different ligands were tested
for ORR activity. They are shown in figure 9 below.

Figure 8 – Difference in basis for first and second generation catalysts
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Figure 9 – Carbon surface modified with different ligands
These modified carbons were then complexed with copper (II) as the metal chelate. Two sets of
experiments were done involving the presence and absence of an auxiliary ligand. The results
for that experiment are shown in the RDE plot (figure 10) below.

Figure 10 – RDE data for second generation catalysts
As seen from the RDE plot above, the performance of the stand alone immobilized complexes
can be improved if an auxiliary ligand, with similar structural features to that of the original
triazole, was used during the complexation. By all accounts, best ORR activity is observed when
triazoles act as bridging ligands between metal centers (figure 11)39. Our previous observations
indicated that the preferred triazole-metal binding ratio was 2:1.
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Figure 11 – 3,5-diamino-1,2,4-triazole as a bridging ligand
If there are large gaps between the 1,2,4-triazole functionalities on the carbon surface, they may
not be able to fully carry out their function as bridging ligands, leading to lower activity. This is
compounded by the fact that covalently immobilized triazoles are conformationally more
restricted than their adsorbed counterparts.
Auxiliary ligands can amend this problem by filling out these gaps and this theory was validated
when higher onset potentials were observed in the RDE experiments for complexes prepared
with the auxiliary ligands. It can be concluded from the above RDE that 3,5-diamino-1,2,4triazole was the best ligand in terms of performance.
Different carbons were then studied for making the second generation catalysts. These included
Vulcan XC-72, Graphene Oxide, Ketjen Black-EC 300 and BP2K. Figure 12 below shows the
RDE data for Graphene oxide and Ketjen Black-EC 300. Each is complexed with added coligand and copper nitrate.
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Figure 12 - RDE data for second generation catalysts - Graphene oxide and Ketjen black
As seen from the above RDE the onset potential for Ketjen Black EC-300 is 0.45 V while that for
graphene oxide is 0.36 V. But, the onset potential for BP2K was 0.49 V and it remained better
than the other carbon blacks used.
Oxidative pretreatment of the carbon surface is known to have an effect on the performance of
the catalyst35. In order to better understand these effects on covalent binding of 1,2,4-triazoles
through diazotization, we designed a set of experiments. Figure 13 shows a schematic
representation of this experiment set. RDE curves obtained from samples prepared following
the experimental design are shown in figure 14.
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Figure 13 - Experimental series designed to assess the effect of oxidative treatments on the
catalytic activity
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Figure 14 - RDE curves for samples prepared following order of combined steps set of
experimental design (3,5-diamino-1,2,4-triazole - Cu(NO3)2)
Two important things can be observed from these results. First, the samples prepared using the
BP2K consistently show much higher onset potential than the samples prepared using Vulcan
XC-72. Second, the samples prepared from the oxidized surfaces show lower activity than the
samples prepared from carbon surfaces without any pretreatment. However, if the oxidative
treatment is carried out after the immobilization of the triazole through diazotization, then the
activity increases. The mechanism of diazo modification is still not completely clear, but there
have been attempts at elucidating the exact nature of the reaction38.
Our theory behind these observations is that oxidative treatment of the carbon surface before
carrying out diazotization reaction leads to increase in the oxygenated functional groups on the
carbon black surface. This effectively blocks access to the polycondensed aromatic rings on the
surface, which are acting as nucleophilic anchoring groups in the diazotization reaction, in turn
leading to the decreased population of the immobilized 1,2,4-triazoles. When untreated carbon
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surfaces are used, this phenomenon is avoided, leading to better results. Thus, oxidative
treatment after the immobilization of 1,2,4-triazoles leads to increase in the population of
oxygenated functional groups on the carbon black surface without negatively impacting the
1,2,4-triazole population. This is reflected in the increased onset potential observed for these
samples (figure 14).
Although these results were encouraging from the point of view of activity, the core problem
associated with the adsorbed complexes, viz. stability was not completely solved. Auxiliary
ligands are not attached to the carbon surface through covalent binding and thus behave as
adsorbed ligands. This was reflected in the RDE experiments carried out to test the stability of
complexes prepared with auxiliary ligands. Figure 15 shows the RDE curves obtained from the
stability study. The onset potential as well as the current density decreases steadily as the
catalyst is exposed to progressively higher number of cycles. At the end of the 200th cycle, the
activity of the catalyst decreases to the level of the complex prepared from 3,5-diamino-1,2,4triazole without the auxiliary ligand. This indicates that the auxiliary ligand dissociates from the
complex over time. In order to overcome this issue of stability we decided to reassess the
necessity of the use of auxiliary ligands. We realized that denser functionalization of the carbon
surfaces with 1,2,4-triazole based molecules could potentially eliminate the need to use auxiliary
ligands.
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Figure 15 - Decreasing activity over time
In order to achieve higher density, we decided to functionalize the free amine group already
present on the surface of carbon. Till then, it was well established that the presence of nitrogen
chelates is important for improving the activity of ORR catalysts and the more nitrogen atoms
present, better was the resulting catalyst40. Based on this information, we attempted to make a
triazene on the surface of carbon black. The aim was to functionalize the free amine from 3,5diamino-1,2,4-triazole to build a molecule which would densely occupy the carbon surface. This
amine group could be diazotized and reacted with another molecule of 3,5-diamino-1,2,4triazole in presence of a base, to give a triazene on the surface41. This could then be complexed
with a suitable metal to give an ORR catalyst. A variety of metals can be bound to triazenes,
including nickel42, copper43, platinum44, cobalt45, 46, ruthenium47 and osmium47. Figure 16 below
shows the Cu complex of a pyrazole-based triazene.
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Figure 16 - Copper complex of a pyrazole-based triazene
Thus, the resulting catalyst would have a large content of nitrogen, and thereby, excellent
catalytic activity. The aim was to synthesize a molecule with four triazene linkages as shown
below in figure 17.

Figure 17 – Final desired triazene product
However, when we attempted the triazene synthesis in the solution phase using the same
conditions, we got remarkably different results. We observed that the diazo group gets
displaced by the incoming nucleophile instead of participating in the triazene formation. This led
to formation of multiple different products as shown in scheme 1. When aniline is reacted with 3amino-1,2,4-triazole with sodium nitrite and HCl, the major product was the benzene ring
coupled to the triazole through a secondary amine. Two more minor products generated through
self coupling were also observed. By increasing the time between addition of sodium nitrite and
the amino triazole the amount of major product could be further increased so as to yield the
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desired product exclusively. Similar results were obtained with direct use of benzene ring as
nucleophile. However, the side products do not matter in the context of heterogeneous
synthesis since the self coupling is not possible for surface immobilized amine functional groups
and the product from self coupling of soluble component can be washed away using organic
solvents.

Scheme 1 - Diazotization reactions using triazoles
Based on these experiments we revised the probable structure of the product formed in the
scheme 1 to the one shown in figure 18.

Figure 18 – Possible products from the triazene reaction
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These experiments were carried out concurrently with the development of diazo modification of
the carbon surface. Since the substitution reaction of benzene with amino triazole gave a
coupled product, the same chemistry would work with the polycondensed aromatic rings on the
surface of carbon. XPS data on these carbons confirmed the presence of ligands attached to
the surface.
Since the synthesis of triazenes was not successful, a series of reactions were carried out and
hemiphthalocyanine-like molecules were made on the carbon surfaces as shown below in figure
19.
These were complexed with Cu(NO3)2 in the presence as well as absence of auxiliary ligands
and tested for ORR activity. Curves obtained from RDE experiments carried out on these
samples are shown in figure 20. This figure also includes the data previously obtained for 3,5diamino-1,2,4-triazole, for reference. We observed that as the number of amino triazoles in the
sample increased, the dependence of activity on the presence of auxiliary ligand decreased.

Figure 19 – Triazolo-hemiphthalocyanines
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Figure 20 – RDE data for triazole-hemiphthalocyanines and 3,5-diamino-1,2,4-triazole
The value of onset potential for the best sample was 0.52 V, which matched with the previously
observed highest activity. This experiment validated our approach of increasing the density of
1,2,4-triazoles on the carbon surface in order to eliminate the need for auxiliary ligands.

2.4.4. Third generation catalysts
To match the activity of the platinum based catalysts (onset potential 0.9V48), significant
improvement was still needed. It had been observed that the performance of the ORR catalyst
was improved by several orders of magnitude after pyrolysis18. The product resulting from heat
treatment is known to favor a four-electron reduction process as opposed to a two-electron
reduction process49. It has been reported that the catalytic activity of the different transition
metals in acidic medium followed the order Cu ~ Ni < Co < Fe50. 1,2,4-triazoles are known to
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bind a variety of metals25, and the metal chelate used for the first set of experiments was cobalt
(III). Cobalt was used as it is known to lead to a higher content of bulk nitrogen in the carbon51,
which in turn would result in higher activity. For this process, the complexation was done exactly
in the same way as the second generation catalyst where the diazo modified carbon is heated
with a solution of metal and an auxiliary ligand. This carbon sample, after being dried was
pyrolyzed at a range of temperatures from 600-1100 °C. A brief description of the pyrolysis
procedure is provided.
High temperature pyrolysis is performed in 1 inch tubular furnace from ATS systems that can
reach temperatures up to 1100 °C. Typically, 30 mg of the sample is placed in a Coors boat,
carefully spreading the sample along the length of the boat. The sample is introduced into a
quartz tube at the center for the furnace, and air sealed. Nitrogen gas is passed through the
tube for 30 minutes before starting to increase the temperature to the desired value. Samples
are pyrolyzed for one hour at the desired temperature. The yield after heat treatment ranges
from 70-50% depending on the pyrolysis temperature.
The first trial was done with untreated BP2K, oxidized BP2K and diazo modified BP2K as
scaffolds for the complexation with 3,5-diamino-1,2,4-triazole as the auxiliary ligand and cobalt
nitrate as the metal. Complexation was followed by pyrolysis of the carbon sample, by the
method described above. Figure 21 below shows the RDE data at the temperatures where they
displayed best catalytic activity.
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Figure 21 - RDE data for third generation catalysts with modified carbon supports
It is clear from the plots, that the diazo modified species is better with respect to both onset
potential and current density. Both unmodified BP2K and oxidized BP2K do not have any ligand
covalently attached to its surface. This data reaffirms our observation of better activity from
covalently attached ligands when compared to adsorbed ligands. It has to be noted that each
carbon sample has to be pyrolyzed at different temperatures in order to find the optimum
temperature where it gives the best catalytic activity.
3,5-diamino-1,2,4-triazole proved to be the best ligand for the first and second generation
catalysts. We decided to test the activity for a carbon sample diazo modified with 3-amino-5methythio-1,2,4-triazole. This carbon was complexed with Co(NO3)2 and an auxiliary ligand.
These species were pyrolyzed at different temperatures and their activity compared to the 3,5diamino-1,2,4-triazole based carbon as shown in figure 22 below.
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Figure 22 – RDE data for pyrolyzed 3-amino-5-methylthio-1,2,4-triazole with cobalt (III)
The above RDE data clearly shows the superiority of 3,5-diamino-1,2,4-triazole over the 3amino-5-methylthio-1,2,4-triazole in terms of catalytic activity.
As observed in the earlier section, oxidation of the carbon surface has an effect on its catalytic
activity. Taking this into consideration, an experiment was done where the activity and metal
binding capacity of diazo modified carbon surface (CD-II-17A) was compared with a carbon
surface which was oxidized first, followed by diazo modification (CD-II-17B). It was interesting to
note, that although CD-II-17A bound lower amounts of metal as compared to CD-II-17B, its
catalytic activity was much better. This can be explained on the basis that the different
functional groups on the surface of oxidized carbon are capable of binding metal, but provide
less surface area for modification of the surface by the ligand, thereby limiting its nitrogen
content. Since the amount of nitrogen determines the activity of the catalyst, the non oxidized
surface shows better activity. The results of the metal binding are shown in table 9 and the RDE
showing their catalytic activity are shown in figure 23.
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Table 9 - ICP-OES data for cobalt binding on modified carbons

Carbon used

% Retention

CD-II-17 A

90.75%

CD-II-17 B

95.06%

Figure 23 - RDE data for third generation catalysts with modified carbon supports
The next experiment was done with two carbons samples, where the order of oxidation and
diazo modification was changed. The first carbon was oxidized first and diazo modified later
whereas the second carbon was diazo modified first and oxidized later. Both carbons were then
complexed with cobalt and an auxiliary ligand, and tested for ORR activity. Figure 24 below
shows the RDE data for the carbon surface which was oxidized and then diazo modified.
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Figure 24 - RDE data for third generation catalyst which is oxidized and then diazo modified
Pyrolysis of the carbon surface seems to have a profound effect on the onset potential. It can be
concluded that the onset potential peaks at a temperature of 700 °C, after which it decreases.
Figure 25 below shows the RDE data for the carbon scaffold which is diazo modified first, and
then oxidized (sulphuric acid/hydrogen peroxide).
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Figure 25 - RDE data for third generation catalyst which is diazo modified and then oxidized
Just as in case of the earlier example, the onset potential increases substantially after pyrolysis.
The temperature at which the best catalytic activity is achieved is 700 °C. Surprisingly, we
observed that the onset potential for CD-I-285A (0.74 V) is better than that for CD-I-285D (0.72
V). This is contrary to the results observed for the copper complexed carbons. This change in
activity can be attributed to the use of cobalt (III) as the metal chelate.
From the third generation catalysts, the best onset potential observed was 0.76 V. It was
necessary to improve the onset potential further for these catalysts to be commercially viable.
As mentioned earlier, iron chelates of macrocycles performed better than their cobalt based
counterparts as catalysts in ORR. To test for the efficacy of iron as a metal chelate with 3,5diamino-1,2,4-triazole, we designed a multimetal experiment, the results of which are shown
below in figure 26.
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Figure 26 – RDE data for a multimetal experiment
For this experiment, four different conditions for metal chelates were used. The cobalt (III) metal
chelated experiment was the standard, and other experiments had more than one metal used at
a time. From the above RDE, it is clear that using multiple metals did not result in great
enhancement of the catalytic activity. Consequently, other work on this project by my colleagues
was further development on the hemiphtalocyanine route discussed in the preceding section. It
was decided to alter the strategy for synthesizing the triazolo-hemiphthalocyanines. Instead of
anchoring the complex precursor to the carbon surface via the amine of the triazole, it was
decided to anchor 4-aminophthalonitrile by means of diazotization chemistry. Metal templated
reaction with 3,5-diaminotriazole was then carried out to generate the metal coordinated
triazolo-hemiphthalocyanine. Five complexes containing different metals were synthesized
using this strategy, shown below in scheme 2.
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Scheme 2 - Metal templated synthesis of triazolo-hemiphthalocyanines (Pc)
All the five hemi-phthalocyanines, Cu-Pc, Ni-Pc, Co-Pc, Fe-Pc and Mn-Pc were pyrolyzed using
the conditions described earlier. Figure 27 shows the RDE curves obtained for these samples.
Cu-Pc and Co-Pc samples showed the best onset potential (0.84 V vs. RHE) among this set.
Co-Pc had better current density than Cu-Pc. Nickel, Manganese and Iron complexes showed
much lower activities both in terms of onset potential and the current densities than the copper
and cobalt complexes. Cu and Fe materials showed peak activity when heat treated at 900 °C,
Co and Mn materials at 700 °C and Ni at 800 °C. The number of electrons transferred during the
ORR was determined via RRDE and ranges from 3.4 for Ni to 3.9 for Cu complexes (figure 28).
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Figure 27 – RDE data for hemiphthalocyanine based molecules with different metals
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Figure 28 – Number of electrons involved in the ORR process.
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The structure of the third generation catalyst is unclear, as it is not known what happens to the
molecule after it has been pyrolyzed. Yeager proposed a model for the ORR active site in which
the heat-treated macrocycles are broken down to form surface nitrogen sites that coordinate
transition metals remaining from the parent macrocycle, present as impurities in the carbon
support, or deliberately added after pyrolysis52, 53, 54. Strelko et al. modeled the electron-donating
properties of carbon containing hetero-atoms and found that replacing carbon with nitrogen
improves the ability of the carbon black to donate electrons to O2 or other reactants. In simplified
terms, nitrogen can be viewed as an n-type dopant, such that when it replaces carbon in the
matrix, the plane will contain an extra electron that is more easily donated, which in turn
improves catalytic activity55, 56.
However, metal-free materials containing carbon and nitrogen are known to exhibit ORR
activity, and it has been argued that the metal is only required as a catalyst to form a highly
ORR-active site containing nitrogen and carbon that does not utilize the metal center for oxygen
reduction57, 58, 59. In other words, the metal center is only needed as a catalyst to form the active
site for ORR, but is not a part of the active site itself.
Due to the ambiguity about the nature of the material formed after pyrolysis, it was necessary to
test for the difference in activities for catalysts synthesized by different ways. We decided to test
the activities of adsorbed vs. immobilized ligands in the first step and consequently, the
difference in activity for different ligands immobilized on the surface of carbon. To compare the
activities directly, the same metal chelate was used in this experiment, viz. cobalt. The adsorbed
vs. immobilized experiment was done by using the cobalt complex of 3,5-diamino-1,2,4-triazole
as the basis. The same complex of 3,5-diamino-1,2,4-triazole was compared with the Cobalt
complex of triazole-hemiphthalocyanine in step 2. The results of the RDE experiment are shown
in figure 29 below.
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Figure 29 – Comparative study of different approaches and different ligands for ORR catalysis
The results from RDE experiments showed that the preparation method and ligand used have
an effect on the onset potential. It is clear from the above figure that the immobilized complex of
3,5-diamino-1,2,4-triazole is better in catalytic activity when compared to its adsorbed
counterpart, while the immobilized complex of the triazolo-hemiphtalocyanine is better than the
immobilized complex of 3,5-diamino-1,2,4-triazole. The peak activity for these catalysts is not
reached at the same pyrolysis temperature.
In general, immobilized hemiphthalocyanine based ligands have higher density of active
catalytic centers resulting in higher catalytic activity. This can be explained as the
hemiphthalocyanine ligand contains more carbon and nitrogen in its aromatic rings than 3,5diamino-1,2,4-triazole ligand, allowing the formation of more presumed metal nitrogen (M-N)
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catalytic centers. Moreover, the covalent bond between ligand and carbon in the immobilized
samples increases the stability of the catalyst.
Another type of chemistry attempted on the surface of carbon was click chemistry with azides.
An azide was made on the surface of carbon in the following way. In the first step, the 3,5diamino-1,2,4-triazole was covalently attached onto the surface of carbon. The free amine group
was diazotized followed by the addition of sodium azide, which resulted in a substitution
reaction giving an anchored azide. However this sample could not be tested via XPS, so the
presence of the azide on the surface of carbon was not confirmed. The azide was then reacted
with an alkyne in the presence of sodium ascorbate and a triazole catalyst to give a typical
“click” reaction forming a 1,2,3-triazole. The carbon thus derivatized was complexed with a
suitable metal to form another family of ORR catalysts. Ethynyl pyridine and 1-decyne were
used as the alkynes in the click reactions. The following RDE data in figure 30 shows the result
of this experiment

Figure 30 - RDE data for click reactions upon complexation
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CD_217A and CD_217B are the complexed compounds when ethynyl pyridine is reacted with
the surface azide. CD_217A is the sample where an added ligand is present during
complexation while CD_217B is the sample where the added ligand is not present. CD_217C is
the compound where 1-decyne is used as the alkyne. Complexation of 1-decyne was done only
in presence of the auxiliary ligand.
An attempt was made to synthesize triazenes on the surface of carbon via diazonium chemistry.
Triazenes were made by utilizing the free amine on the 3,5-diamino-1,2,4-triazole by diazotizing
it and then coupling it with the amine from another molecule of 3,5-diamino-1,2,4-triazole. The
same reaction was carried out 4 times and each of these carbon samples were complexed with
metal and an auxiliary ligand. They are labeled CD- 179 A through D with A being 1 triazole
molecule and D being 4. The results of this experiment are shown in the RDE (figure 31) below.

Figure 31 - RDE data for the triazene series
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As can be seen from the RDE, CD-179 A and B show better performance than CD-179 C and
D. This was contrary to the expectation of performance from these samples, and can be
attributed to the fact that these reactions when done in the solution phase gave different results.
Triazenes were made with a view to improve the surface density and avoid the necessity of use
of the auxiliary ligand. To test this property of the triazenes they were complexed with metal, in
the absence of the auxiliary ligand and tested for electrochemical activity. The RDE data for
these samples is shown below in figure 32.

Figure 32 - RDE data for triazenes in absence of auxiliary ligand
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Triazenes were attempted on the surface of other carbon blacks, like Graphene and Ketjen
Black-EC 600. These carbon samples were complexed with metal and an auxiliary ligand and
tested for electrochemical activity. The results of these RDE experiments are shown below in
figure 33. The data for CD-195A is when Graphene was used as the carbon support, while the
data for CD-195B is for Ketjen Black-EC 600 as the carbon support. As can be seen from the
RDE below, Ketjen black gives better ORR performance as compared to Graphene.

Figure 33 - RDE data for triazenes on Graphene and Ketjen Black-EC 600
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Due to the relatively less dense distribution of functional groups on the surface of graphene, it
was believed that analysis of these surfaces would pose fewer challenges as compared to
conventional carbon supports. Graphene is a monolayer of carbon atoms packed in a
honeycomb lattice, and is very uniform across its surface60. To explore its utility and catalytic
activity, graphene was made from graphite in a complex 2-step process going through the
intermediate graphene oxide (GO). Graphene oxide was also used as a scaffold for different
experiments. However, the samples from graphene or graphene oxide were not as active as
their BP2K counterparts, and hence further experiments were curbed.

2.5.

Analytical Techniques

The surface of carbon is highly functionalized and has both acidic and basic functionalities36, 61,
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. Due to the insoluble nature as well as high degree of functional diversity, precise analysis

using typical analytical methods such as NMR, mass spectrometry and High performance liquid
chromatography (HPLC) cannot be applied to verify the identity and purity of synthesized
materials. A number of analytical techniques including Fourier transform infra-red spectroscopy
(FTIR)31, 32, 63, 64, 65, X-ray photo electron spectroscopy(XPS)37, 66, 67, 68, 69, chemical labeling70, 71,
gas phase mass spectroscopy72 and most recently Electron Spin Resonance (ESR)68 have
been used with moderate to good success.
There have been successful attempts at identifying O, S and F containing functional groups on
carbon black surfaces using FTIR37, 73. However, after multiple attempts at using the standard IR
techniques, problems existed when trying to distinguish between the immobilized ligands and
functional groups from pristine carbon black surface. High level of background noise and high
opacity of sample pellets prevented routine employment of IR spectroscopy for characterization
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purposes. This prompted us to switch and hence the technique of horizontal attenuated total
reflectance Fourier transform infra-red spectroscopy (HATR-FTIR) was used.
HATR-FTIR technique was utilized to confirm the immobilization of complexes on the carbon
after the synthesis. Primary amine (NH2) groups are present in both Co-3,5-diamino-1,2,4triazole and Co-hemiphthalocyanine complexes supported on BP2K. These groups are believed
to participate in complexation with transition metals. IR peaks corresponding to stretching of the
free amine groups are usually observed in the frequency range of 3300 to 3500 cm -1. Figure 34
compares the HATR-FTIR spectra of 3,5-diamino-1,2,4-triazole ligand and the cobalt complex of
3,5-diamino-1,2,4-triazole.

Figure 34 - HATR-FTIR spectrum for 3,5-diamino-1,2,4-triazole and its complex with cobalt (III)
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As expected, free N-H peaks appear in the proximity of 3400 cm-1 in the 3,5-diamino-1,2,4triazole spectra. Other peaks corresponding to the N-H bend, C-N stretch and C-C stretch in the
aromatic rings appear in the 1000 to 1500 cm-1 region, but are very difficult to differentiate.
Peaks around 1000 cm-1 and below are related to C-H bends. It is important to notice that the
N-H peak at 3400 cm-1 shifts to 3500 cm-1 when cobalt is added to form the Co-3,5-diamino1,2,4-triazole complex. One would expect similar behavior for the complexes supported on
carbon. Figure 35 shows HATR-FTIR data for the BP2K carbon support as a control (a), the
modified carbon after hemiphthalocyanine ligand is attached to the surface via diazo
modification (b), the Co-hemiphthalocyanine complex supported on carbon (c) and Cohemiphthalocyanine complex after pyrolysis at 700 °C (d).

Figure 35 - HATR-FTIR spectrum for various samples of BP2K
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As can be seen from spectra (a) and (b) the signature peak for free N-H group only appears
after the hemiphthalocyanine ligand is attached to the carbon support. In spectrum (c) the N-H
peak is shifted to 3500 cm-1, as it is expected after the metal is added. Spectrum (d) shows that
after pyrolysis at 700 °C the N-H peak disappears, which can be an indication that a new
chemical entity is formed that does not contain the metal coordinated primary amine groups.
The HATR-FTIR experiments on 3,5-diamino-1,2,4-triazole based carbons are still in progress.
One of the basic shortcomings of FTIR spectroscopy is that it is a qualitative measurement
technique and there is no way to gather information about the concentration of the particular
functional groups on the surface of carbon. Also, due to the largely diverse functional groups on
the carbon black surface, it becomes difficult to accurately assign IR bands. Another popular
analysis technique is X-ray Photo electron spectroscopy or XPS.
2.5.1. X-ray Photo electron spectroscopy (XPS)
XPS, or X-ray Photo electron spectroscopy, is a popular spectroscopic technique used to
investigate the chemical composition of surfaces. It can be used to measure the chemical and
electronic states, elemental composition and empirical formula of elements in a particular
material.
Photoelectron spectroscopy utilizes photo-ionization and analysis of the kinetic energy
distribution of the emitted photoelectrons to study the composition and electronic state of the
surface region of a sample. The spectra are obtained by irradiating the material with a beam
of X-rays (commonly Al Kα or Mg Kα) and simultaneously measuring the kinetic energy and
number of electrons that escape from the top 1 to 10 nm of the material being analyzed. For
each and every element, there is a characteristic binding energy associated with each core
atomic orbital. Each element will hence, give rise to a characteristic set of peaks in the
photoelectron spectrum at kinetic energies determined by the photon energy and the respective
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binding energies. Any specific element from a given sample can be identified by its peak at a
particular energy. Also, the intensity of the peaks is related to the concentration of the element
within the sampled region. This technique thus provides a quantitative analysis of the surface
composition.
Because of limited success at the various other characterization methods, XPS proved to be the
most valuable characterization technique for this project. Characterization of these carbons was
necessary to confirm the validity of our proposed chemistry. The results of the XPS experiments
for BP2K and Vulcan XC-72 are shown below in figures 36 through 39. It shows the graphs for
both, the ligands itself, as well as the ligands anchored on the surface of carbon, for the purpose
of comparison. It can be clearly observed that when superimposed, the curves for the ligand
itself, and the ligand covalently bound onto the carbon are a perfect match, thereby confirming
the evidence of the success of the modification of carbon.

Figure 36 - XPS data for model compounds
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Figure 37 - XPS data for model componds when anchored on unmodified BP2K
For Vulcan XC-72,

Figure 38 - XPS data for model compounds
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Figure 39 - XPS data for model compounds when anchored on unmodified Vulcan XC-72
As it can be seen from the data above, the signal to noise ratio for BP2K is much higher as
compared to the Vulcan XC-72. This leads us to believe that the surface of BP2K is better
suited for chemical modification as compared to Vulcan XC-72.

2.5.2. X-ray diffraction (XRD)
X-ray powder diffraction (XRD) is a rapid analytical technique primarily used for phase
identification of a crystalline material. It can also provide information on unit cell
dimensions. Crystalline substances act as three-dimensional diffraction gratings for X-ray
wavelengths. When X-rays interact with a crystalline substance, one gets a diffraction pattern.
X-ray diffraction is based on constructive interference of monochromatic X-rays and a crystalline
sample. These X-rays are generated by a cathode ray tube, filtered to produce monochromatic
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radiation, and directed toward the sample. The interaction of the incident rays with the sample
produces constructive interference (and a diffracted ray) when conditions satisfy Bragg's
Law (nλ=2d sin θ). This law relates the wavelength of electromagnetic radiation to the diffraction
angle and the lattice spacing in a crystalline sample. These diffracted X-rays are then detected,
processed and counted. By scanning the sample through a range of 2θ angles, all possible
diffraction directions of the lattice should be attained due to the random orientation of the
powdered material. By comparing the positions and intensities of the diffraction peaks against a
library of known crystalline materials, the target material can be identified.
Every crystalline substance gives a pattern and the same substance always gives a
characteristic pattern. In a mixture of substances, each produces its pattern independently of
the others. The X-ray diffraction pattern of a pure substance is, therefore, like a fingerprint of the
substance. This is one of the primary advantages of XRD. Another advantage of using XRD is
that it is a non destructive technique of analysis, i.e. the sample remains intact after analysis.
An XRD pattern for graphene was provided in the literature used as the reference for the
synthesis of graphene74. When we compared that with the XRD obtained from the graphene
synthesized in our lab (figure 40), it proved to be a perfect match, thereby corroborating the
evidence of the formation of graphene from the proposed technique.
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Figure 40 - XRD pattern for graphene
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2.6.

Experimental

Materials and methods
Reagents and solvents were purchased from various commercial sources and used without
further purification unless otherwise stated. Microwave reactions were carried out using Biotage
Initiator 2.5 microwave synthesizer. Infrared spectra were recorded on TENSOR Series FT-IR
Spectrometer. XPS measurments were performed at Oak Ridge National Laboratory. Copper
was quantified by inductively coupled plasma – optical emission spectroscopy (ICP-OES) using
a Perkin Elmer Optima 2100 DV. The X-ray diffraction (XRD) measurements were performed on
a PANalytical Empyrean instrument. Absorption spectra were collected on a Thermo Scientific
Evolution 600. Vulcan XC-72 (Cabot Corporation), Super C-65 (TIMCAL Graphite and Carbon)
and Black Pearls2000 (Cabot Corporation) were used as solid supports.

General procedure for preparation of adsorbed complexes
The general procedure for complexation reactions is described below:
Complexation reactions were carried out in 7 mL glass vials with Teflon lids and magnetic stir
bars. For 50 mg of carbon support, 0.12 mmols of ligand and 0.06 mmols of metal were used.
Reaction mixtures were sonicated briefly (2-5 minutes) and stirred at 80 °C for 2 hours. After
cooling to ambient temperature, the carbon suspensions were centrifuged and decanted. A
sample of the supernatant was stored in a microcentrifuge tube for subsequent quantification of
copper bound by ICP. The carbon solids were then washed with water (5 mL X 3), methanol (5
mL), acetone (5 mL), and diethyl ether (5 mL). The carbons were then dried overnight in a
vacuum oven.
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Scheme 3 - First generation catalyst complexation reaction
All the compounds described in section 2.4.2 were made by the above general procedure.

Diazo modification of carbon
2.5 mmols of ligand solution was added to 500 mg of BP2K. To this suspension was added 6.5
mmols of 6M HCl and it was cooled to 0 °C. To this solution was added 2.75 mmols of 1M
sodium nitrite (NaNO2), in 2 aliquots, the second addition being 10 minutes after the first. Care
was taken to ensure that the NaNO2 solution was cooled before addition. This suspension was
allowed to stir at 0 °C for 10 minutes, after which it was taken out and stirred at room
temperature for 60-70 minutes. It was then washed with water (20 mL X 3), methanol (20 mL),
acetone (20 mL) and diethyl ether (20 mL). The resultant carbon was then dried in a vacuum
oven.
This method of diazo modification of the carbon surface was followed for compounds 2.1, 2.2,
2.3 and 2.4. In addition, for all the different types of carbon scaffolds, diazo modification was
done using the same procedure.
In addition to sodium nitrite, isoamyl nitrite was also used a diazotization reagent. Ethanol was
used as the solvent in place of water, and rest of the parameters of the reaction was
maintained. The hemiphthalocyanine compounds used for pyrolysis were made with isoamyl
nitrite as the diazotization reagent.
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Scheme 4 - Anchoring of ligand onto carbon via diazotization

General complexation procedure for diazo modified carbons
Complexation reactions were carried out in 7 mL glass vials (with Teflon lids and magnetic stir
bars) as described. To each vial is added 25 mg diazo modified carbon, 0.25 mmols of ligand
solution, and 0.125 mmols of metal (copper) solution and water. Scheme 5 below outlines the
reaction. In the earlier stages, for 25 mg of carbon, the final volume of the reaction mixture was
maintained at 5 mL. But, in the later stages, the concentration of the reaction mixture was
increased, and for 50 mg of carbon, the total reaction volume was reduced to 2.5 mL. It should
be noted that the metal solution is first tested for the metal content using ICP-OES and then the
requisite quantity of solution is used, in order to minimize errors.
The reaction mixture is sonicated briefly (2-5 minutes) and stirred at 80 °C for 2 h. After cooling
to ambient temperature, the carbon suspension is centrifuged and decanted. A sample of the
supernatant is stored in a microcentrifuge tube for subsequent quantification of copper bound by
ICP-OES. The carbon solids are then washed with water (10 mL X 3), methanol (10 mL),
acetone (10 mL), and diethyl ether (10 mL). The carbon is then dried overnight in a vacuum
oven.
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Scheme 5 - Second generation catalyst complexation reactions
In order to study the effect of the auxiliary ligand, experiments were carried out by keeping the
volume of the reaction mixture constant and replacing the auxiliary ligand solution by water. All
the compounds described in section 2.4.3 were synthesized by the above general procedure.

General complexation procedure for pyrolyzed carbons
Carbon surfaces synthesized for the purpose of pyrolysis were done so on a larger scale in
order to accommodate the poor yield after pyrolysis. A typical experiment is done in the
following way. 200 mg of carbon black (modified or unmodified) is added to 4 mmols of cobalt
(III) solution, 2 mmols of 3,5-diamino-1,2,4-triazole solution and water. In the earlier stages, for
200 mg carbon black, the final reaction volume was maintained at 30 mL. But, in the later
stages, the concentration of the reaction mixture was increased, and for 500 mg of carbon, the
total reaction volume was 30 mL. It should be noted that the metal solution is first tested for the
metal content using ICP-OES and then the requisite quantity of solution is used, in order to
minimize errors.
The reaction mixture is sonicated briefly (2-5 minutes) and stirred at 80 °C for 2 h. It is then
taken out and allowed to cool. An aliquot of the reaction mixture is stored to quantify the amount
of metal bound by ICP-OES. The resultant carbon is then washed with water (20 mL X 3) and
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then with methanol (20 mL), acetone (20 mL) and diethyl ether (20 mL). It is then dried
overnight at 800 C in a vacuum oven.

Scheme 6 - Third generation catalyst complexation reaction
Then, this carbon is dried and pyrolyzed at a series of temperatures, following which RDE
experiments were carried out. This is done to gauge the activity of the catalyst at different
temperatures of pyrolysis to ensure optimum performance. All experiments done in section 2.4.4
were synthesized by the above procedure.

Synthesis of graphene from graphite
The process of making graphene from graphite is a rather complex one and involves a lengthy
2-step process, and is adopted from the modified Hummers method74, 75, 76.

Oxidation of Graphite
1 g of graphite powder (300 mesh, 99%) was suspended in a solution containing 1.5 mL
concentrated sulphuric acid (H2SO4), 0.5 g phosphorous pentoxide (P2O5) and 0.5 g of
potassium persulfate (K2S2O8) at 800 C. 1 mL of water was added to this mixture in order to
make it an effective suspension. This solution was allowed to stir at 80 °C for 4 h and allowed to
cool down. The resultant carbon was washed with water twice and then dried overnight.
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This dried carbon was then subjected to oxidation by the Hummers' method, in which about
1.34 g of carbon (obtained from the first step) was suspended in 31 mL of concentrated
sulphuric acid (H2SO4) at 0 °C. To this reaction mixture was added 4.02 g of potassium
permanganate (KMnO4) gradually, and care was taken to ensure that the mixture remained
cold, in an ice bath, till the addition was complete. It was stirred at room temperature for 2 h
after which 62 mL of water was added and the suspension was allowed to continue to stir. 15
minutes later, the reaction was terminated by addition of 188 mL of water and 3.35 mL of 30%
hydrogen peroxide (H2O2). The carbon from this mixture is then washed with water (20 mL X 2),
then with 1:10 concentrated hydrochloric acid (20 mL X 3) and then again with water (20 mL X
2). The resultant graphene oxide was then dried in a vacuum oven.

Conversion of Graphene oxide to Graphene
300 mg of graphene oxide is suspended in 300 mL of water (1g/L solution). To adjust the pH of
the resultant solution to 9-10, 50 mL of 5% by wt Na2CO3 solution is added to this suspension.
This mixture is then put in an 80 °C heat bath and allowed to stir for 10 minutess till the
temperature of the suspension is uniform. To it, is carefully added 800 mg of NaBH4 as
recommended in the literature74. The same reaction was also carried out with successively less
amounts of NaBH4 and yielded the same results. This suspension is then allowed to stir at 80 °C
for 2 h, and then allowed to cool. Once cooled, it is washed with water multiple (≈8-10) times,
and then vacuum dried. The resultant graphene precursor is then dispersed in concentrated
sulphuric acid (H2SO4) (no stoichiometric amount, but enough to disperse the graphene
precursor well) and then allowed to heat at 120 °C for ≈12 hours. It is then diluted in a copious
amount of water (CAUTION: exothermic). The excess water is removed and the carbon is
washed with water multiple (≈8-10) times and then dried in the vacuum oven. This resultant
graphene precursor is then pyrolyzed at 1100 °C for 15 minutes to yield graphene.
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An XRD of the synthesized graphene is compared with the one available in literature

74

. A copy

of the XRD is provided.

Synthesis of azide on surface of carbon
The reaction was carried out via an in situ diazotization and anchoring the 3,5-diamino-1,2,4triazole onto the carbon surface followed by a substitution reaction by using sodium nitrite and
then aqueous sodium azide to form the corresponding azide.
200 mg of untreated BP2K was diazo modified in a way described above to get the sample 2.2.
The reaction mixture was centrifuged, the supernatant was discarded and without drying the
resultant carbon surface, it was resuspended in 3.2 mL water. After this step, the carbon
suspension was cooled to 0 °C. To this solution was added 0.667 mL 6M HCl (4.5 mmols) and
then 1.1 mL of 1M NaNO2. This was done in order to diazotize the free amine group on the
triazole covalently attached to the carbon. This solution was allowed to stir at 0 °C for 15
minutes after which it was centrifuged, and all the supernatant was discarded. To this carbon
was added 2 mL of 1M NaN3 (sodium azide) solution and the suspension was allowed to stir at
0 °C for 10 minutes. This solution was then kept stirring at room temperature for 60 to 70
minutes. The resultant carbon was then washed with water (10 mL X 3), methanol (10 mL),
acetone (10 mL) and diethyl ether (10 mL) after which it is dried in a vacuum oven. The reaction
sequence is shown below in scheme 7.
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Scheme 7 - Making azide on carbon surface

Click reaction of azide with alkyne
Two terminal alkynes, viz. 1-decyne and 2-ethynylpyridine were used in the experiment. 50 mg
of the azido-derivatized carbon was weighed and transferred to a 7 mL vial. To it was added
0.25 mmols alkyne, 0.25 mmols Cu(II) salt (CuSO4), 0.5 mmols sodium ascorbate, 3 mL water
and 1 mL THF.
The reaction was stirred at 60 °C overnight, taken out and allowed to cool to room temperature.
The reaction mixture was then centrifuged, and the supernatant was discarded, after which the
resultant carbons were washed with water (10 mL X 2), methanol (10 mL), acetone (10 mL) and
diethyl ether (10 mL). They were then dried in a vacuum oven. The proposed syntheses are
shown below in schemes 8 and 9.

Scheme 8 - Click reaction of azide with 1-decyne
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Scheme 9 - Click reaction of azide with 2-ethynylpyridine
These derivatized carbon supports from schemes 8 and 9 were complexed with metal in a way
similar to the protocol followed for second generation catalysts. The complexation was
attempted in both, the presence and absence of an auxiliary ligand.

Proposed synthesis of a triazene on surface of carbon
This was an attempt at making a series of progressively increasing triazenes off the surface of
carbon.
250 mg of untreated BP2K was diazo modified in a way described above to get sample 2.2. The
reaction mixture was centrifuged, the supernatant was discarded and without drying the
resultant carbon surface, it was resuspended in 6 mL water.
To this carbon sample, was added 4 mmols of 6M HCl and it was cooled to 0 °C. To it was
added a cold solution of 2 mmols of 1M NaNO2, in 2 aliquots, the second addition step being 10
minutes after the first. The resultant suspension was allowed to stir at 0 °C for 20 minutes after
which it was spun down in the centrifuge, quickly. To this carbon, was added 4.775 mL water,
1.375 mmols of 1M 3,5-diamino-1,2,4-triazole solution and 100 microliters of saturated sodium
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bicarbonate (NaHCO3) solution. This reaction sequence as proposed, was supposed to follow
scheme 10.

Scheme 10 – Proposed route of synthesis of triazene from the diazo modified carbon
The key for this reaction is the diazotization of the free amine, at the end of each sequence, and
then further reacting it with a diamine so that a free amine is always available at the end of the
chain to carry out consequent reactions, if need be.
A sequence was attempted where we tried to diazotize this free amine, and increase the chain
length by further diazo modifications and coupling.
These triazene series carbons were complexed in a way similar to the second generation
catalysts. Complexation was attempted both, in the presence and absence of auxiliary ligand.
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3. CONCLUSION AND FUTURE WORK
We have carried out a systematic study to gauge the potential of 1,2,4-triazole based
complexes as catalysts in the oxygen reduction reaction (ORR). The initial stages of the study
concentrated on identifying the best ligands and metal salts in terms of catalytic activity. When
problems with stability for the surfaces using these complexes arose, a method was devised
which enabled us to covalently attach our ligands to the surface of carbon via diazonium
chemistry. Copper (II) salts of diazo modified carbons were synthesized and tested for catalytic
activity, and the necessity of an auxiliary ligand for these types of complexes was identified. In
order to curb the use of the auxiliary ligand, the surface of carbon was densely functionalized
using triazolo-hemiphthalocyanines and same activity as before was achieved. To match the
activity of the commercially used Pt/C, significant improvement was needed. Pyrolyzed cobalt
(III) complexes of 1,2,4-triazole showed a remarkable leap in activity over the copper (II)
complexes. When it was realized that catalytic activity was dictated by the nitrogen content on
the carbon surface, triazolo-hemiphthalocyanines with a different linker were synthesized which
enabled us to increase the nitrogen content. Their activity was tested by complexing them with a
series of chelates – cobalt, iron, manganese, nickel and copper. Cobalt – hemiphthalocyanine
yielded the best onset potential – 0.84 V which is very close to the commercially used Pt/C.
Techniques such as XPS, ICP-OES and HATR-FTIR spectroscopy were used to verify the
success of the synthetic steps. Triazolo-hemiphthalocyanines proved to us that alternate ways
of attaching the ligand on the surface may improve catalytic activity. Other ways to attach the
ligand covalently to the surface are through alkylation and acylation. Different ligands can be
attached to the carbon surface through these linkers due to their different reactivities. Nitrogencontaining ligands like pyridines have not been tested for activity in ORR catalysis and are a
target for future work. Using different transition metals like iron, nickel and manganese as the
sole chelating agent with triazoles is another area of future work.
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